In the absence of infrared mass singularities, the asymptotic behavior of cross sections for e+e annihilation in quantum chromodynamics can be expressed entirely in terms of the energy dependence of the renormalization-group running coupling constant. Since the theory is asymptotically free, the running coupling vanishes at high energy, and such infrared-finite cross sections can be calculated perturbatively. We extend previous work by calculating, through second order, the energy-weighted angular correlations of the hadrons produced in e e annihilation. This involves the computation of quark-antiquark-gluon production and the correction to the lowest-order quark-antiquark production from virtual gluon exchange. A dimensional-continuation scheme is employed to establish that these correlations, taken in a distributiontheory sense, are indeed free of mass singularities. The correlations exhibit interesting features which vanish slowly (~1/ln W) as the energy W increases. We estimate that the nonperturbative, confinement contributions to these features vanish much more rapidly (~1/ W'). Thus, effects characteristic of quantum chromodynamics should be quite evident at high energies.
I. INTRODUCTION AND REVIEW
Quantum chromodynamics (QCD) , ' the nonAbelian gauge theory of quarks and gluons, is an extremely attractive candidate for the underlying field theory of hadronic physics. The highly singular infrared nature of the theory and the presence of nontrivial vacuum structure' offer the promise of an explanation for the observed confinement of the basic hadronic constituents but hinder attempts at rigorous calculation. On the other hand, renormalization-group techniques show' that off-mass-shell amplitudes can be expressed in terms of a running effective coupling g(W). The effective coupling in qua. ntum chromodynamics vanishes as the energy W becomes large', it is an asymptotically free theory. A measure of this asymptotic freedom is provided by the parameter g(W)'/4m' which, as will be seen in detail later, controls the QCD contributions to the high-energy total hadronic cross section in electron-positron annihilation.
In the high-energy limit the effective coupling depends upon only one dimensional parameter LU. , and we have g(W)' 2 4w (11 --N&)ln(W/p) ' where N& is the number of quark types ("flavors" ).
The parameter p, is taken' to have a value of about 0.5 Gev in order to make the higher-order corrections small. Thus the effective coupling is already quite small at W= 5 GeV with (assuming Nf 4) g(5)'/4w--'=0. 10 This requires, of course, that the energy is well away from (new-particle) thresholds (e.g. charm threshold).
In general, partial cross sections calculated to some order in perturbation theory will not exhibit a finite limit as the masses of the quarks and gluons vanish; they contain powers of ln(W/m).
These mass singularities will appear if the process is sensitive either to soft-gluon emission or' to the collinear branching of a massless quark or gluoninto massless quarks and gluons. In particular, the answer to any question referring to a specifically quarklike characteristic (such as the observation of one-third integral charge) will, in general, involve such mass singularities, and it cannot be computed by the method of asymptotically free perturbation theory. One must compute quantities which are "physically sensible"' in the massless limit. The total cross section for e'e annihilation into hadrons is such a "physically sensible" quantity, for it makes no restriction on the nature of the final state. This cross section is the absorptive part of the photon propagator whose high-energy behavior can be evaluated rigorously by renormalization-group techniques.
However, at least to second order, the same result is obtained by calculating the processes displayed in Fig. 1 , quark-antiquark-gluon production and the virtual-gluon correction to the basic lowest-order quark-antiquark production, using the running ef- [The hierarchy we consider is related to energy correlations involving the stress-energy tensor T"(x). Electron-positron annihilation produces a, virtual photon which is absorbed by the hadronic electromagnetic current j'(z). The total cross section is related to the vacuum expectation value of two current operators (j'(z) j"(z'))o. The subsequent members of the hierarchy correspond to the vacuum matrix elements (j (z)T' (x,) (1.1). This angular distribution is most easily described for the case of perfect polarization (P = 1). In the high-energy limit it is a sin ]j) distribution which vanishes along the magnetic field direction. As the energy is lowered, the dips a.re filled in by the g(W)' correction as shown in Fig.  3 (a). The angular distribution for the unpolarized case is illustrated in Fig. 3 Since we now include the effects of heavy-lepton decay, the total energy cross section is no longer simply the total hadronic cross sec- which cannot be discerned in the plot.
In the next section, we shall examine a finergrained measure of the effects of quantum chromodynamics in electron-positron annihilation, the energy-energy correlation cross section. Further
In terms of the partial cross section for the process e'e -N hadrons, we have, using the notation of Eq. (1.3), The double energy cross section" can be defined by the following experimental arrangement whose geometry is shown in Fig. 5 As discussed in the test, the sum over the particle indices b and c in Eq. (Al) runs over all the ¹ possibilities, including the N terms with b = c.
Thus, the energy of the same particle will be counted by both detectors when they are aligned; they are "transparent" calorimeter s. This definition is necessary to achieve an infrared-finite energy-energy cross section. If We turn now to the single-gluon-emission process depicted in Fig. 1(d) . The Evaluating the trace and displaying the result in a, manner which makes current conservation manifest, q"H "=0=H""q", we find
where~=p -p. This expression can be simplified when it is contracted with the lepton tensor I. ",; factors which are proportional to q" or q" can be neglected since they are orthogonal to L "", which is the statement that the leptonic current is conserved. Thus, effectively,
W=E+E+~. 
The general definition of the double energy cross section, Eq. (Al), must be extended to a v-dimensional space-time by writing the phase-space integrals for v dimensions rather than four dimensions. Thus we write
We may now apply the dimensionally continued formula (A18) for the double energy cross section to the production of a quark-antiquark-gluon final state in order g'. We consider first the partial cross section 
Here we have retained all the terms which, while integrable in v &4 dimensions, either produce divergent integrals as v-4 or integrals that are finite at v = 4 but which are independent of the integration range.
The latter involve (v -4)(1 -f) whose limit is essentially 5(1 -g). Fig. 1(b) and against the further singularities appearing at f = 0 due to the real emission process with only one particle passing through both "transparent" detectors. The vertex singularities appear as a factor multiplying the zeroth-order cross section and thus contribute in the anticollinear orientation f= 1.
The vertex singularities also contribute to the collinear orientation because of the "transparent" detector character of the energy-energy cross section. To establish this cancellation, we need an expression for the (v -2)-dimensional element of solid angle appropriate to a v-dimensional 
where y=0. 577. . . is Euler's constant. These are the terms which must cancel the divergent 6(Q -Q') and 5(Q+ Q') contributions mentioned above. where we have retained only those terms which are nonvanishing for v=4.
The order-g' correction to the vertex, illustrated in Fig. 1(b) , appears in v dimensions as
.y~( -p+a), y (p+u),
We shall calculate this vertex on the zero mass shell with, effectively, yP =0= yP. We perform some simple y, and A. , matrix algebra and write the vertex in the form
The integration converges in the region 4 & v &6 for all the terms except those enclosed in the last square brackets. The latter terms are both infrared and ultraviolet divergent at v=4, and there is no value of v for which they give a convergent integral. Thus, these terms must be separately regulated, for example by the replacement 1/JP -1/k' -1/(k'+A'). However, as we shall now prove, they are exactly canceled by the wave-function renormalization of the vertex. "
The second-order self-energy correction to the quark propagator corresponding to the graph shown in Pig. 9 is given by
Here it is to be understood that the gluon propagator 1/k' has been suitably regulated so as to make the integral converge. Now with symmetric k integration we have, effectively,
With p'= 0, this (suitably regulated) integral is otherwise independent of p". Thus, we may write the renormalized vertex as Moreover, after combining denominators, translating k, and integrating symmetrically,
Hence the P' terms in Eq. (A39) can be neglected, and effectively,
We are interested only in evaluating the quark wave -function renormalization constant 5Z, which is the negative of the coefficient of yP in Z(P) at p'= 0, r, ', "= r'+ czar"
and we see that the badly behaved term in the vertex integral (A36) x +3Q&'try"y py"y 'p2ReI( W')-.
Here the kinematics of the two-particle production requires that 2p 'p = -8' and p= -p. Calcuj. ating the trace and using Eq. (A /) for the perfectly'po-
We introduce this into the dimensionally continued double energy cross-section formula (A18) to compute the virtual-gluon exchange interference contribution. We find
where 6 '" 2)(0+ 0') denotes a solid-angle 6 function for the anticollinear orientation and arises from detecting the quark and antiquark, while the collinear 6'" '(0 -Q') arises from the "transparent" calorimeters detecting a, quark or antiquark.
The total 6-function contribution in the collinear direction is obtained by summing Eqs. (A34) and (A48) to obtain the v-4 limit
while the 6-function contribution in the anticollinear orientation is found from Eq. (A48) to be 
We see that the energy-energy angular correlation function is indeed finite in a distribution-theory sense.
As a final check, let us verify that the sum rule (A5) holds in order g'. Equations (A51) f,(h;p) =f, (z, h,) . (B9) The fragmentation correction and the QCD effects are small at high energies. Hence, the fragmentation effect Bt high energy can be calculated by assuming that the parents of the hadrons are produced with the lowest-order two-body cross section dad /~Q The part. ial energy cross section with hadrons observed in a phase-space volume 4 is given by
We also assume that f, (z, h, ) 
yielding, when inserted in (85), an angular dis-
and v=p/p' is the velocity of the heavy lepton. 
- (824) The 
The energy-weighted averages can easily be computed using (829). In the high-energy limit average number of hadron pairs d'n produced in the momentum interval (d'h)(d'h') from the fragmentation of a parent with momentum p, 
Energy-momentum conservation imposes the constraints" (h;p) . (834) We now turn to the evaluation of fragmentation effects for the next member of our hierarchy, the energy-energy cross section. Since this quantity involves a two-hadron distribution, we must introduce another function f, (h, h' p) (z, h, ;z ', h, ') .
The general features of the double angular. distribution I'2 can be deduced by using methods similar to those employed in the analysis of the single angular distribution I', . Thus, by changing integration variables in (838) from h and k' to h, /sin)) and h, '/sin)l', we find that when both opening angles q and q' are large compared to 1/W, F,(g, q'; )(') is proportional to 1/W' in the high-energy limit. However, we cannot determine the coefficient of this energy factor for the two-particle fragmentation in a model-independent way as was done for the single-particle function [Eq. (812) x c(h"h, ', h, 'h,', z, z') . (854) The h, and h, ' 
where G(0) is the value of G(P) when P is aligned with h. This decomposition gives . f = -d&,F,(q)G( j) . 
2r + -dz) sir 'zt, (z1)G, (sin'z)) . 
